Clinics in Orthopedic Surgery • Vol. 8, No. 2, 2016 • www.ecios.org due to the decreased size of the safe zone. 8) To our knowledge, there has been a lack of studies on the variability of the upper sacral segment anatomy as well as the incidence of sacral dysplasia in Asian populations.
The purpose of this study was to investigate the incidence of sacral dysplasia in the Korean population and determine the optimal direction of iliosacral screws by analyzing pelvic three-dimensional computed tomography (3D-CT) scans.
In order to obtain anatomic data necessary to iliosacral screw fixation for Koreans, the upper sacral morphology was classified based on the relationship of sacral body and ala with the radiological characteristics of sacral dysplasia suggested by Routt et al. 8) In addition, the cross-sectional areas of the safe zones and the short width around the pedicle were measured using 3D-CT in order to determine the optimal angle of the iliosacral screw; for this purpose, a safe pedicle was defined as the minimum area where a 7.0 mm cannulated screw can be safely placed in the pedicle.
METHODS
We evaluated the 3D-CT of 100 patients who had visited for pelvic bone checkup. Patients who had traumatic posterior pelvic ring injuries or any evidence of hip dysplasia were excluded. There were 54 males and 46 females with an average age of 46 years (range, 35 to 62 years).
CT Analysis
3D-CT scans were obtained by two types of the 16 channel CT scanning equipment (GE ULTRA 16, GE Healthcare, Milwaukee, WI, USA; Siemens Somatom Sensation 16, Siemens, Erlangen, Germany). The slice intervals were at 0.6 mm and 0.62 mm, while the angle was at 0.1° with the precision of 0.1 mm in length. The tomographic images were reconstructed using Advantage Windows 4.1 of the GE Medical System to obtain 3D transparent images. In order to investigate the cross-sectional areas and short width of the safe zones along different angles, we used the oblique sagittal images on multiplanar reformation images that consisted of the axial, sagittal, coronal, and oblique sagittal images in the same screen (Fig. 1) . The oblique sagittal images could be simultaneously generated after choosing the points and cross section on the axial image, and their cross sections were shown perpendicular to the sliced plane. 
Classification of Sacral Dysplasia
For the incidence of sacral dysplasia, the upper sacral segment morphology was classified as normal, transitional, and dysplastic according to the radiological characteristics, as defined by Routt et al. 8) In addition, the amount of prominence of the S1 sacral body over the ICD was measured on reconstructed transparent lateral 3D images. Patients who had no radiographic characteristics of sacral dysplasia and only the sacral promontory superior to the ICD on the lateral view were classified as normal. The patients with some radiographic characteristics of sacral dysplasia and less than half of the S1 sacral body superior to the ICD were classified as the transitional group. The patients with radiographic signs of dysplasia and more than half of the S1 sacral body superior to the ICD were classified as dysplastic (Fig. 2) .
Morphologic Index
For the measurement of the cross-sectional areas of the safe zones, we manually drew outer lines along the pedicle on the oblique sagittal images, which isolated the osseous pathway posterior to the anterior border of the sacral body, anterior to the neuroforaminal tunnel, and inferior to the sacral ala and ICD. This area was calculated for the segment of the S1 osseous pathway from the lateral side of the first sacral neural foramen to its medial side. The area of the safe zone was defined as the area inside the greatest common outer lines that did not violate the cortex of the sacrum anteriorly or superiorly nor the neuroforaminal tunnel posteriorly (Fig. 3) . The cross-sectional areas were calculated automatically by the function of the software.
A safe pedicle was defined in patients in which the minimum length of the short width of the safe zone was at least 11 mm. This was considered a wide enough space for the placement of one 7.0-mm cannulated screw with 2 The transitional group has some radiologic characteristics of sacral dysplasia with less than half of the S1 body protruding above the iliac cortical density (ICD). (C) The dysplastic group has some radiologic characteristics of sacral dysplasia and has more than half of the S1 body located above the ICD.
mm margins on both sides of the screws. We measured the cross-sectional areas of the safe zones around the pedicle and the lengths of its short widths (Fig. 4) and investigated the incidence of safe pedicle with different angles ranging from 0° to 15° with 5° intervals in order to determine optimal angle for screw direction.
RESULTS

Incidence of Sacral Dysplasia
Radiological classification for sacral dysmorphism of 100 Korean adults, according to the degree of sacral protrusion above ala and radiographic characteristics as defined by Routt et al., 8) showed that the normal group was 46%, the transitional group 32%, and the dysplastic group 22% in incidence.
Morphologic Index
The mean cross-sectional areas and short width of the safe zone in the normal group were 229.4 ± 60.4 mm 2 and 12.5 ± 2.7 mm at 0° tilt angle.
In the transitional group, the mean cross-sectional areas of the safe zones was 163.4 ± 96.6 mm 2 and the mean short width of the safe zone was 9.9 ± 4.3 mm; whereas, those in the dysplastic group were 45.2 ± 47.6 mm 2 and 4.1 ± 2.2 mm at 0° tilt angle ( Table 1) .
The mean cross-sectional areas of the safe zones in the three groups at 5° tilt angle were 274. , in the three groups, indicating that the mean cross-sectional areas of safe zones gradually increased as the tilt angle moved from the horizontal 0° to 15° tilt angle.
Optimal Tilt Angle for Safe Pedicle
According to our definition of safe pedicle, the incidences of the safe pedicle at 0° tilt angle were 41% in the normal group, 38% in the transitional group, and 0% in the dysplastic group. The incidences of the safe pedicle at 5° tilt angle were 67% in the normal group, 50% in the transitional group, and 14% in the dysplastic group.
At 10° tilt angle, the incidence was 76%, 72%, and 14% in each of the three groups, respectively; at the 15° tilt angle, the incidences were 80%, 53%, and 18%, respectively ( Table 2) .
The incidences of the safe pedicle continued to increase as the tilt angle moved from the horizontal 0° tilt to 15° tilt angle in each of the groups, but decreased in the transitional group at 15° tilt angle, indicating that overall incidence of the safe pedicle was highest at 10° tilt angle (Fig. 5) .
DISCUSSION
Unstable posterior pelvic ring injuries are successfully stabilized by percutaneous iliosacral screw fixation. This allows for biomechanically stable fixation through a minimally invasive method. [9] [10] [11] In order to avoid neurovascular injuries during percutaneous insertion of screws, surgeons are required to pay special attention to locate and verify specific radiologic landmarks on intraoperative fluoroscopic images. However, clear fluoroscopic images are difficult to acquire in cases of obesity, use of contrast, intestinal gas, and unreduced fractures. This may lead to a higher incidence of misplaced iliosacral screws, which might increase the risk of neurovascular injuries. In addition, variations of upper sacral segment anatomy can make it more difficult for surgeons to place the screws into the safe zone of the sacrum.
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The anatomical characteristics of the safe zone and variations of the upper sacral morphology have been reported, but similar studies for the Asian population are lacking. [12] [13] [14] The Asian population tends to be smaller in stature than the Western population. This difference reportedly has an impact on the size and design of implants commonly used to treat orthopedic injuries. The dysmorphic sacrum has several key characteristics. The upper portion of the sacrum is relatively colinear with the iliac crests on the outlet radiographic view. Other characteristics include the presence of mammillary bodies, larger and irregular anterior upper sacral foramina, residual upper sacral disks, an acute alar slope oriented from cranial-posterior-central to caudal-anterior-lateral on the outlet and lateral views of the sacrum, a tongue-in-groove sacroiliac joint surface visualized on CT, and cortical indentation of the anterior ala on the inlet radiographic view. 8, 15) Recognizing these radiographic features and their impact on the available osseous fixation pathway is crucial for safe placement of iliosacral screws. This study showed that the incidence of the upper sacral dysplasia of Koreans was 54% (32% in the transitional group and 22% in the dysplastic group).
Besides ethnic differences, difference in incidence of sacral dysplasia could also result from differences in radiographic image used for evaluation of sacral dysplasia. In this study, the 3D-CT scan images were used instead of the radiographic outlet images used by Routt et al., 8) which facilitated more detailed examination. Another possible reason for difference in incidence of sacral dysplasia could be that we added one more criteria on radiographic characteristics proposed by Routt et al. 8) in order to define the sacral dysplasia. Those cases in which most of the sacral body protruded above ICD in lateral image were classified as the definite dysplastic group; this was indicative of little overlapped area between sacral body and sacral ala, and hence, difficulty in obtaining a safe corridor of iliosacral screws.
Throughout this study, there was need for a sufficient level of preoperative attention due to the relatively high incidence of sacral dysplasia in Koreans; furthermore, the cross-sectional area and short width of safe zone in the dysplastic group was smaller than that in other groups, which require an alternative fixation method instead of iliosacral screw.
Most of the studies on the safe zone for iliosacral screw through CT scans as well as cadaveric experiments indicate that since the pedicle is the narrowest area linking the sacral body with its ala, it could be the most important structure. 5, 9, [16] [17] [18] [19] Examination of the safe area and shape of the pedicle suggested that the safe zone is the 3D safe path with the most commonly shared areas across consecutive images of the pedicle, rather than the narrowest spots in the pedicle (Fig. 2) . Thus, inserting the screws along the axis of the pedicle from the posterolateral toward the anteromedial side would be more effective in obtaining a wider safe zone than horizontal direction. 14, 17) Day et al. 17) described a modified oblique pelvic landmark method in which tilting the true lateral images approximately 10° to 20° could be more accurate and safer for percutaneous iliosacral screw fixation. Kim et al. 18) reported that the mean axis of the first pedicle of Koreans was at 32.5°. However, in our study, an extension of the safe zones along the axis of the pedicle resulted in violation of the anterior cortex of the sacral body; hence, it is important to determine an appropriate direction of the iliosacral screw between the true lateral direction and the axial direction of the pedicle for safe insertion of a iliosacral screw with proper length. Accordingly, we measured the changes in the crosssectional areas of the safe zones by increasing the tilt angles from 0° to 15° with interval of 5° since exceeding 20° of screw direction could violate the anterior cortex of the sacral body and might be difficult in clinical setting.
Our study showed that there were significant increases of the cross-sectional area of the safe zones by increasing the angles from 0° to 15° in all groups. Compared with the 0° tilt angle, the cross section of the safe zones at 15° tilt angle increased 31% in the normal group, 61% in the transitional group, and 342% in the dysplastic group.
A study on the safe zones based on the diameters of screws by Day et al. 17) showed that the critical dimension of the safe zones on the basis of a screw was 7.3 mm. The authors defined "safe pedicle" as the case in which the dimension of the pedicle of over 11 mm was large enough to accommodate a 7.0-mm screw with 2-mm margins on both side of a screw; this provides a clinically safer critical dimension of the safe zone. We attempted to determine the safest angle of a screw by examining the incidence of the safe pedicle based on changes in the tilt angles. This study showed that the incidence of safe pedicle at the 0° tilt angle in the normal group was only 41%, and no safe pedicle in the dysplastic group; furthermore, by increasing the tilt angles from 0° to 15°, the incidences of safe pedicle increased similar to the changes of crosssectional area, which indicated that anteromedial direction of the screw could be safe, not violating cortical bones of the sacrum. However, in the transitional group, the incidence of the safe pedicle at the 15° tilt angle decreased, as compared to 10° tilt angle from 72% to 53%. Thus, overall incidence of the safe pedicle was highest at the 10° tilt angle, which means that considering the morphological diversity of the sacrum, about 10° anteromedial direction of the iliosacral screw would be safe in clinical practice.
The limitations of this study were the lack of consideration of the superomedial direction of the safe zone and lack of combined cadaveric experiments. However, our study has important implications for the development of criteria of sacral dysplasia and safe optimal tilt angle for iliosacral screw fixation in Koreans.
In conclusion, the incidence of sacral dysplasia in Korean adults was 54%, which is higher than previous studies on Western populations; and even in the normal group, the incidence of the safe pedicle at the 0° tilt angle was only 41%. The cross-sectional area of the safe zone can be increased by anteromedial direction of the iliosacral screw, but 10° tilt angle may be the safest angle when considering the diversity of sacral morphology of Koreans.
